Introduction
Against the background of global warming, low RAR (reducing agent rate) operation of blast furnaces is indispensable for reducing CO 2 emissions. Many steel companies have tried various approaches, such as enhancement of iron ore reducibility, improvement of coke reactivity and injection of pulverized coal (PC) or waste plastics through the tuyeres to achieve low RAR.
When a mixture of iron coke and conventional coke is heated in a reaction gas, the iron coke selectively and preferentially reacts in a lower temperature range and there are no interactions between the iron coke and the conventional coke. This selective reaction weakens the iron coke, while the conventional coke is protected in the mixed layer of iron coke and conventional coke. Improvement of the coke bed permeability is expected to decrease the reaction ratio of the conventional coke. The use of high reactivity coke is a technology that dramatically improves the reaction efficiency in blast furnaces by decreasing the temperature of the thermal reserve zone. [1] [2] [3] [4] [5] [6] The temperature of the thermal reserve zone is related to the equilibrium temperature of Eq. (1) . If the equilibrium temperature of Eq. (1) decreases, the iron ore reduction proceeds at a lower CO content and a higher
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The use of high reactivity coke is a technology that dramatically improves the reaction efficiency in blast furnaces by decreasing the temperature of the thermal reserve zone. In this study, a blast furnace shaft simulator was developed to estimate the temperature of the thermal reserve zone and the distributions of the temperature and gas composition in the blast furnace when using cokes with different reactivity. The shaft simulator combines an experimental reaction furnace and a calculation model. Chemical reaction and mass/heat transfer phenomena in the blast furnace are considered in the calculation model so as to calculate the ore and coke reaction rate and the distribution of temperature and gas composition. Relatively small amounts of packed coke and sinter specimens are reacted with the temperature and gas composition controlled based on the calculation results. The coke gasification rate is fed back to the calculation model, and it is then possible to estimate the temperature of the thermal reserve zone and the distributions of the temperature and gas composition in the blast furnace. Shaft simulator experiments with high reactivity coke, such as CIC (Carbon Iron Composite), showed that the temperature of the thermal reserve zone is 140 K lower with high reactivity coke than with conventional coke.
KEY WORDS: blast furnace; blast furnace simulator; carbon iron composite; thermal reserve zone temperature; carbon gasification. CO 2 content. The carbon solution loss reaction shows Eq. (2) at a lower temperature, decreases the temperature of equilibrium in blast furnace by the CO gas production and the heat of endothermic reaction. Ishii et al. developed a blast furnace simulator that combined a calculation with an experiment to predict the temperature and gas distributions in the blast furnace. 7) Assuming that the burden and gas phase move in a countercurrent flow in the blast furnace, the experimental conditions were calculated in real time by inserting the in-situ measured rates of reduction and solution loss in differential equations of mass and heat balance, and new experimental conditions were then set in the next stage. The multiple regression equation of the gasification or reduction rate expresses the gasification degree or reduction degree and temperature, as shown Eq. (3). Where, t is time, n is the rate of coke gasification or ore reduction, α, β, γ and η are multiple regression coefficients, X is the coke gasification or ore reduction degree, T is the solid temperature and v is the gas concentration. The initial temperature and the thermal reserve zone temperature are set values.
As noted above, use of high reactivity coke dramatically improves the reaction efficiency in blast furnaces by decreasing the temperature of the thermal reserve zone. In this study, a blast furnace shaft simulator was developed to estimate the temperature of the thermal reserve zone and the distributions of the temperature and gas composition in the blast furnace when using cokes with different reactivity. The shaft simulator combines an experimental reaction furnace and a calculation model. The chemical reaction and mass/ heat transfer phenomena in the blast furnace are considered in the calculation model so as to calculate the ore and coke reaction rate and the distributions of temperature and gas composition.
Blast Furnace Shaft Simulator
A schematic diagram of the shaft simulator is shown in Fig. 1 . The shaft simulator comprises a reaction furnace, an infrared gas analyser and a temperature control system with a personal computer.
The experimental procedure of the reaction simulator is shown in Fig. 2 . First, the experimental conditions of the reaction furnace are calculated by a one-dimensional mathematical blast furnace model. Second, the rates of coke gasification and ore reduction are measured in the experimental furnace.
The rate parameter a of the mathematical model reflects the reaction rate obtained in the experimental results. The temperature, gas concentration and reaction fraction distributions in the blast furnace height direction are calculated by the mathematical model. It is important that the rates of coke gasification and ore reduction in the model are measured experimentally. The reaction furnace is controlled by temperature and gas distribution depending on the reactivity of raw materials.
Experimental Furnace
Measurements were performed with an electric furnace connected to a proportional-integral-derivative controller with a thermocouple. The temperature of the hot zone was maintained within ± 10 K. N 2 , H 2 , CO and CO 2 gases were mixed by mass flow controllers. A continuous flow of the mixture gas at 3 × 10 − 4 Nm 3 /s was used to control the atmosphere. The distributions of the gas contents and temperature in the blast furnace shaft depend on the reaction and heat transfer between the gas and the charged burden. In the thermal reserve zone, coke gasification occurs by the gasification reaction of coke, which is an endothermic reaction. The thermal reserve zone temperature is mainly determined by the endothermic reaction of coke gasification and the heat transfer between the gas and solid. In the blast furnace shaft simulator, the reactivity of the burden material is measured experimentally, and the heat and material balance from the tuyeres to the top of the blast furnace is calculated by the mathematical model. The sample temperature is measured by the R thermocouple placed on the top surface of the sample bed. The sample temperature is assigned to the reaction temperature in the model.
Measurement of Rates of Coke Gasification and
Ore Reduction The rates of coke gasification and ore reduction are calculated by Eq. (4). First term of Eq. (4) expresses the amount of carbon in the outlet gas, the second term expresses the amount of carbon in the inlet gas.
Where, n exp is the rate of coke gasification of the experiment, V is the gas flow rate, (CO%) I , (CO 2 %) I and (N 2 %) I are the inlet gas components before reaction, (CO%) O , (CO 2 %) O and (N 2 %) O are the inlet gas components after reaction, and t is the reaction time (s). The CO 2 and CO concentrations in the exhaust gas were analyzed by an infrared gas analyzer (URA-107, SHIMAZU), and the N 2 concentration in the exhaust gas was calculated as the concentration of residual gas except CO 2 and CO. 
Mathematical Model: One-dimensional Model of Blast Furnace
The one-dimensional mathematical model is a steady model that calculates the mass and transport phenomena in the blast furnace height direction. The rate equations of coke gasification in the model are expressed as follows: Where, k is the rate equation of coke gasification, P is partial gas pressure and T is temperature. The relationship between the temperature and blast furnace height in the one-dimensional mathematical model at different coke gasification rates (a = 0.10, 1.0, 10) is shown in Fig. 3 . The temperature distribution in the blast furnace height direction is calculated by the mathematical model of different coke gasification rates. As the result, the temperature increases with descent in the blast furnace. The high reactivity coke has the effect of improving the reduction degree by shifting the reduction equilibrium point to the lower temperature side. The thermal reserve zone is formed at any gasification rate at h = 10-20 m, and the temperature of the thermal reserve zone decreases as a parameter increases. The thermal reserve zone temperature is mainly determined by the endothermic reaction of coke gasification and the heat transfer between the gas and solid. In this study, the thermal reserve zone temperature was defined as the rate of coke gasification increases and the temperature change in the height direction is small. The temperature distribution at h = 10-20 m is reversed in a = 1.0 and a = 10. This phenomenon is due to an increase in heat of lower part of blast furnace. In this model, RAR (reducing agent rate) is a const. In the case of high coke reactivity, the direct reduction of iron ore decreases with an increase of the indirect reduction of iron ore. As the results, the temperature distribution at h = 10-20 m is reversed in different coke reactivity. This occurs at around 5 s of calculation time of the one-dimension mathematical model.
Procedure for Evaluation of Raw Materials by
Shaft Simulator First, the experimental conditions of the reaction furnace are calculated by the one-dimensional mathematical model. Second, the rates of coke gasification and ore reduction are calculated by Eq. (4). Diffusion equation with the reaction of spherical particles is expressed by Eq. (7). Concentration distribution of the particles within the boundary conditions (r = 0, dC/dr = 0: r = r 0 , C A = C A0 ) is expressed by Eq. (8). 
... (8)
Where k c is the chemical reaction rate, D e is diffusion coefficient in particles, r is direction, r 0 is particle surface, C A is concentration and C A0 is surface concentration. E f is a function to correct the influence of the reaction rate that is defined as the reaction rate no influence of the diffusion to the experimental reaction rate at same particle size. In this study, the coke gasification is considered the reaction processes. Gas boundary film diffusion of the reaction gas and chemical reaction and diffusion of particles in the reaction gas are expressed are expressed as follows. Where, n calc is rate of coke gasification in the mathematical model, a is a parameter, d p is the coke diameter, P CO2 is the CO 2 partial pressure, R is a gas constant, T is the particle temperature, k f is a mass transfer coefficient, w is the carbon weight of a coke particle, ϕ is a shape factor, M c is the atomic weight of carbon. The following expression (Eq. (14) is derived on the assumption that n f = n c , Clearing the X CO s 2 . The rate parameter a of the mathematical model reflecting the reaction rate of the experimental results is shown by Eq. (14) . Finally, the coke gasification rate is fed back to the calculation model, and it is then possible to estimate the temperature of the thermal reserve zone and the distributions of the temperature and gas composition in the blast furnace.
Assuming that the rate-controlling step of 0.1 mm coke is the chemical reaction, the function E f to correct the influence of particle size is expressed by Eqs. (15) 10) and (16).
11) 
CIC Reaction Behavior
The reaction rate of CIC reacted in CO 80 vol.% + CO 2 20 vol.% is shown in Fig. 4 . This experiment was conducted in a test method similar to the previous work.
12) The reaction rate of CIC is 30 times larger than that of conventional coke. In addition, the influence of the CIC reaction rate on temperature shows the same value as conventional coke. In this study, it is assumed that the influence of the CIC reaction rate on temperature is expressed by the above Eq. (14).
Experimental Conditions
The amounts of ore and coke in the sinter were 825 g and 190 g, respectively, with raw ore comprising the balance of the material. In the case of CIC, the amounts of ore and CIC in the sinter were respectively 707 g and 269 g. The properties of the ore and mixed coke are shown in Tables 1 and  2 . The advanced reaction simulator was used to test sintered ore and coke or CIC. Samples were filled in the alumina pot (ϕ 75 mm × 230 mm) of the reaction furnace. The size of the sintered ore and coke was 16-19 mm, and the bed structure was a mixture of the two. CIC is a carbonization product in the form of molded briquettes (30 mm × 10 mm) consisting of 70 wt.% ore and 30 wt.% coal coke with carbonization. In CIC charging, sintered ore is replaced with CIC with corresponding iron and carbon contents.
In this experiment, CO-CO 2 -N 2 mixed gas was introduced into the furnace tube while controlling the gas composition with an automatic controller. The flow rate was 3 × 10 − 4 Nm 3 /s. Outlet gas collected from the furnace top was analysed every 10 s by an infrared gas analyser. After raising the temperature with an N 2 atmosphere to 773 K, the CO-CO 2 -N 2 mixed gas was introduced into the furnace. The reaction furnace is controlled to the temperature and gas distribution calculated by the one-dimensional blast furnace model every 5 min. In addition, the maximum heating rate is up to 0.084 K/s and is carried it out from the maximum temperature to 1 473 K. The sample composition is shown in Table 3 , and the assumed operation condition of the blast furnace is shown in Table 4 .
Results

Coke Gasification Rate and the Blast Furnace
Shaft Simulator Test The relationship between the temperature and coke gasification rate in the shaft simulator with sintered ore and coke Fig. 5 . The gasification parameter is constant in the one-dimensional model. In both cases, the coke gasification rate increased with increasing temperature. The gasification start temperature over a rate of 1.0 × 10 − 5 1/s is 1 130 K in case 2 and 1 273 K in case 1. As a result of a catalytic effect, the temperature of the CIC is 140 K lower than in case 1. It has been reported that Fe is a promising catalyst for improving coke reactivity under blast furnace conditions.
The relationship between the blast furnace height and coke gasification rate, gas temperature and CO 2 contents in the shaft simulator with sintered ore and CIC (case 2) is shown in Fig. 6 . The gas temperature increases as the burden descends from the furnace top. Around a height over 15 m, the gasification rate increases with increasing temperature (A), then decreases with increasing temperature (B), and again increases (C). Because a coke gasification rate over 10 − 5 1/s was detected in the simulator, the experimental conditions of temperature and gas contents are changed to appropriate values for CIC charging. In this case, the correction factor is fed back from a = 5 to a = 30.
In the case of the increase of parameter a, the experimental conditions were changed to a constant temperature and low CO 2 concentration. The gasification rate was decreased in those experimental conditions. This change is caused by the transition to change from old experimental conditions to new experimental conditions. Under the new conditions of temperature and gas contents, the gas temperature increases with burden descent and the gasification rate increases with increasing temperature.
Blast Furnace with Coke and CIC
The temperature distributions in the blast furnace with coke and CIC are shown in Fig. 7 . The temperature increases with decreasing height with the cokes of both reactivities. In the case of the conventional coke, the gasification start temperature is 1 283 K and a is updated. On the other hand, in the case of CIC, the gasification start temperature is 1 143 K and a is updated. Shaft simulator experiments with high reactivity coke, such as CIC, showed that the temperature of the thermal reserve zone is 140 K lower with high reactivity coke than with conventional coke.
Regarding this point, in the case CIC, the rate of coke gasification is higher than that of conventional coke (a = 0.1, Fig. 3 ). Because a coke gasification rate over 10 − 5 1/s was detected in the blast furnace simulator, the experimental conditions of the temperature and gas contents are changed to appropriate values as CIC charging conditions. The coke gasification rate is fed back to the calculation model, and it is then possible to estimate the temperature of the thermal reserve zone and the distributions of the temperature and gas composition in blast furnace. Shaft simulator experiments with high reactivity coke, such as CIC, showed that the temperature of the thermal reserve zone is 140 K lower with high reactivity coke than with conventional coke. 
Conclusion
